Y 2 O 3 :Eu nanophosphors were prepared by flame synthesis using ethanol or water as precursor solutions. The effects of precursor solvents and flame temperature on particle size, morphology, and photoluminescence intensity were investigated. The results showed that flame synthesis using ethanol solution could produce nanoparticles with better homogeneity, smoother surface structure, and stronger photoluminescence intensity than using water. It was found that the concentration quenching limit of the as-prepared nanophosphors from both ethanol and water solution was 18 mol% Eu, which is higher than the reported limit at similar particle size. The x-ray diffraction (XRD) spectra showed that the ethanol precursor solvent produced monoclinic phase Y 2 O 3 :Eu nanoparticles at a lower flame temperature than previously reported. It was also shown that the particle size could be controlled by varying the precursor concentration and flame temperature.
I. INTRODUCTION
Nanoparticles have become a research focus in terms of both their fundamental and practical importance, especially in the case of luminescent materials. [1] [2] [3] [4] [5] [6] Phosphorous nanoparticles exhibit unique chemical and physical properties compared to their bulk materials. These properties are halfway between molecular and bulk solid state structures. 1 For example, quantum confinement effects, which bring electrons to higher energy levels, can lead to novel optoelectronic properties. 7 Due to these unique properties, many potential applications in optical, electrical, biological, chemical, and mechanical areas can be developed. 1, 4 Moreover, the emission lifetime, luminescent efficiency, and concentration quenching of the luminescent particles strongly depends on particle size, crystal structure, and hydroxyl residuals. 2, 3 Among numerous phosphors, europium-doped yttrium oxide (Y 2 O 3 :Eu) has attracted much attention as a good red phosphor that is widely used in optical displays and lighting applications. 8 Under ultraviolet (UV) excitation, Y 2 O 3 :Eu gives a sharp red emission line at 611 nm, and the luminescence efficiency is high because its charge transfer transition is located in the UV range. 8 Nanoscale Y 2 O 3 :Eu phosphor has shown significant promise in high-resolution displays (field emission display, flat panel display, thin film electroluminescence panel, etc.) because the quantum efficiency of doped nanocrystals increases as the particle size decreases. 2, 9 Various methods, such as sol-gel techniques, 10 homogeneous precipitation, 11 thermal hydrolysis, 12 laser-heated evaporation, 13 chemical vapor synthesis, 14 microemulsion, 15, 16 spray pyrolysis, 17 combustion synthesis, 18 and flame spray pyrolysis 19 were used to prepare nano-sized Y 2 O 3 :Eu phosphors.
Flame spray pyrolysis (FSP), also called liquid flame spray (LFS), is a promising particle synthesis method because it can use a wide range of precursors for synthesis of a broad spectrum of functional nanoparticles. [20] [21] [22] The heat released from the combustion of a gaseous or liquid fuel and the precursor itself can provide the high-temperature environment, which is favorable to phosphor synthesis. The flame temperature and particle residence time, which are the most important parameters determining the characteristics of the particles, 20 can be easily controlled by varying fuel and oxidizer flow rates. Moreover, the particle size can be controlled by varying precursor solution concentration and multi-component particles can also be obtained by adding different salts into the solution. 21 This technique can also be easily scaled up with high production rates for the manufacture of commercial quantities of nanoparticles. 23 Using FSP method, Kang et al. 19 prepared Y 2 O 3 :Eu phosphor particles on the order of 1 m in size and found that the particles had a spherical and dense morphology finer than the particles prepared by general spray pyrolysis. Their as-prepared particles had a monoclinic phase with small impurities of the cubic phase. Tanner and  Wong 24 synthesized Y 2 O 3 :Eu nanoparticles using preformed sol, spray pyrolysis, and flame spray pyrolysis methods and compared the luminescence properties of the powders prepared by these three methods. Chang et al. 25 fabricated cubic nanocrystalline Y 2 O 3 :Eu phosphors using the FSP method without any post-heat treatments and the x-ray diffraction (XRD) spectra of the asprepared particles indicated cubic phase with high crystallinity. In flame spray pyrolysis, the precursor composition is a key parameter for achieving the preferred product properties. 21 As the precursor releases from the droplet, the droplet evaporation, decomposition, and gas phase reaction play important roles in the formation of the final product.
Considering that precursor solution has a significant impact on the flame temperature, nanoparticle size, crystalline structure, and luminescence intensity, it is important to understand how the solvent composition affects the luminescence of nanophosphors. Unfortunately, in the three works mentioned above, 19, 24, 25 water was the only precursor solvent. In addition, to the best of our knowledge, there is no report available on the effect of solvent composition on the synthesis of Y 2 O 3 :Eu phosphorous nanoparticles with flame spray pyrolysis. Moreover, although the effect of flame temperature on the morphology and size distribution of ceramic nanoparticles (SiO 2 , TiO 2 , Al 2 O 3 , etc.) was studied in depth, 20 its effect on the luminescence of nanophosphors has not been reported.
The objectives of this work are to synthesize Y 2 O 3 :Eu nanoparticles by the FSP method using both ethanol and water as precursor solvents, and to study the influence of precursor solvents and flame temperature on the morphology and luminescence of the nanophosphors. Figure 1 shows the schematic of the flame spray pyrolysis system. The system consisted of a spray generator, a coflow burner, a quartz reactor, particle collection filters, and a vacuum pump. An ultrasonic spray generator operating at 1.7 MHz was used to generate fine spray droplets (mean diameter around 5 m 26 ), which were then carried into the flame by nitrogen gas through a central tube of 5.3-mm inner diameter. The flame nozzle consisted of three concentric stainless steel tubes. A methane and oxygen non-premixed flame was used for the flame synthesis. An air coflow was also introduced into the reactor to control the particle residence time. Therefore, by varying the flow rate of methane, oxygen, coflow air, and nitrogen, the flame temperature and particle residence time can be controlled. Temperature measurements along the flame centerline used uncoated 100-m-diameter R-type thermocouples with a junction bead diameter of 350 ± 30 m and were corrected for radiation heat losses. The adiabatic flame temperature at equilibrium state was calculated using the CHEMKIN II package, 27 where CH 4 The particles were collected using a micron glassfiber filter (Whatmann GF/F, Brentford, Middlesex, UK) located 30 cm above the flame. Powder XRD (30 kV and 20 mA, Cu K ␣ , Rigaku Miniflex, Tokyo, Japan) was used for crystal phase identification and estimation of the crystalline size. The particle powders were pasted on a quartz glass holder and the scan were conducted in the range of 10°to 60° (2) . The morphology and size of particles was examined using a field-emission scanning electron microscope (FE-SEM; Philips XL30, Hillsboro, OR). The photoluminescence spectra of the samples were measured with a Jobin-Yvon Fluorolog-3 fluorometer (Fluorolog-3, HORIBA Jobin-Yvon, Edison, NJ) equipped with a front face detection setup and two double monochromators. The samples were excited at 355 nm with a 150-W Xenon lamp, and a 2-nm slit width was used for both monochromators. The samples were as-prepared powders collected on micron glass fiber filters. All samples were examined at room temperature at 298 K.
II. EXPERIMENTAL

III. RESULTS AND DISCUSSION
A. Effect of precursor solvent on particle morphology and size distribution Figure 3 shows the size distribution of the particles corresponding to the SEM photographs in Figs. 2(a)-2(d). The distribution has been determined by measuring the diameters of 500 particles from the SEM images. It is seen that particles prepared from ethanol solution exhibit narrower size distributions and smaller average diameters than those from water solution of the same concentration. Table I lists the average particle size, geometric standard deviation calculated from the SEM images at different precursor concentration. The average diameter of the particles varied from 114 to 412 nm when the overall precursor concentration increased from 0.001 to 0.1 M using ethanol as precursor solvent. Table I indicates that the formed particle size can be easily controlled by changing the overall concentration.
The atomized droplet size is related to the surface tension (T) and density () of the precursor solution, and the ultrasonic nebulizer frequency (f). The average droplet size (D) can be approximately determined by
−3 , where C is a constant. Substituting the properties of water and ethanol into this relation, the average size water droplet is 1.6 times larger than that of ethanol. The smaller ethanol droplet size leads to small final particle size. In Table I , it is seen that the mean diameter of particles from 0.1 M water solution is 512 nm, which is 1.3 times larger than that from 0.1 M ethanol solution (412 nm). The above results demonstrated that the precursor composition has a strong impact on the particle size and morphology and that ethanol solution produces more uniform and well-defined Y 2 O 3 :Eu nanoparticles than water.
B. Effect of flame temperature
The differences in particle morphology and size distribution when using ethanol and water as precursor solvent arise from the different physical properties between ethanol and water, and the difference of flame temperatures. Ethanol has a lower boiling point and enthalpy of evaporation (78°C and 838 kJ/kg) than water (100°C and 2258 kJ/kg). More importantly, ethanol is a fuel that directly reacts and releases heat to the flame instead of taking away heat from the flame as using water. To investigate the effect of different solutions on the flames, temperature profiles along the centerline for the flames corresponding to Figs. 2(a) and 2(c) were measured by thermocouples and are shown in Fig. 4 . During the measurements, methane, oxygen, nitrogen, and coflow air flow rates were kept at 0.169, 1.51, 0.200, and 2.60 l/min, respectively, for the two cases. It should be mentioned that near the core of the methane-oxygen flame (<10 cm), the flame temperature is so high that the thermocouple immediately breaks as it is inserted in the flame; therefore, only data above 10 cm were measured. From Fig. 4 , it is seen that the temperature of the flame using ethanol as precursor solvent is consistently 200 K higher than the flame using water, although the adiabatic flame temperature from CHEMKIN calculation is the same of 2128 K for these two flames. Here, air coflow was not considered and the flow rate of ethanol or water was about 8.67 × 10 −2 ml/min) and showed little effect (less than 1 K) in the equilibrium temperature calculation.
Generally, in flame spray pyrolysis higher flame temperature increases particle sintering and agglomerating, 20 which is not the case in our observation from Figs. 2(a) and 2(c) for different precursor solutions. From simplified analysis, the D-square law that describes a single droplet evaporation can be expressed as D 2 (t) ‫ס‬ D 0 2 − Kt, where D is the droplet diameter at time t and D 0 is the initial droplet diameter. The evaporation constant K ‫ס‬ 8 g ln(1 + B)ր( l c pg ), where g is the thermal conductivity of the gas surrounding the droplet, l the liquid density, and c pg the heat capacity of the gas. B is the Spalding number, B ‫ס‬ c pg (T ϱ − T d )րh fg , where T ϱ is the gas temperature, T d the droplet temperature that equals its boiling temperature, and h fg the latent heat of vaporization. The droplet lifetime t d can be determined as t d ‫ס‬ D 0 2 /K. Assuming that the surrounding gas is oxygen (which is about 10 times more than methane) and the gas temperature T ϱ is 1200 K, then g ‫ס‬ 0.0819 W/m K, c pg ‫ס‬ 1115 J/kg K. For water, when T d ‫ס‬ 373 K, h fg ‫ס‬ 2258 kJ/kg, the lifetime of a water droplet of initial diameter of 5.0 m is 66.2 s. The lifetime of an ethanol droplet of the same size is 24.1 s. Suppose that the thickness of the preheat zone is 0.5 mm, and the droplet velocity is 50 cm/s; then the residence time that the droplet in the preheat zone is 1000 s, which is much longer than the droplet lifetime. Therefore, the droplet is totally vaporized before it reaches the reaction zone (flame). This suggests that the initial droplet size and precursor concentration are the dominant factors that determine the final particle size. This explains that even though the temperature is higher in the flame using ethanol solution, the smaller ethanol droplets evaporate faster when passing the preheat zone and produces smaller final particles. Limaye and Helble 28 observed similar effect of precursor and solvents on the morphology of zirconium nanoparticles produced by combustion aerosol synthesis.
On the other hand, we kept the oxygen, nitrogen, and air flow rates at 1.51, 0.213, and 3.18 l/min, respectively, and adjusted the methane flow rate (0.115, 0.169, and 0.223 l/min) for flame using 0.01 M ethanol solution, then three flames with adiabatic flame temperature of 1695, 2135, and 2431 K were obtained. As listed in Table II , the temperature at the centerline location of 20 cm above the burner exit is 1539, 1892, and 2130 K, respectively. The average particle sizes are 185, 198, and 214 nm. The flame length for case 3 is about 10 cm longer than in case 1. At higher flame temperatures the sintering and coagulation rates increase and enhance the formation of larger particles. The longer flame length increases the residence time of particles and gives more time for the particles to grow. This is in agreement with the report of Mädler et al., 22 who found an increase of silica particle sizes with higher adiabatic flame temperature.
C. Effect of precursor solvent on crystal structure
The powder XRD patterns of the Y 2 O 3 :Eu nanoparticles prepared by using water/ethanol as precursor solvent are shown in Fig. 5(a) . In addition to the peaks from the cubic phase, other peaks are supposed to come from monoclinic phase of Y 2 O 3 :Eu. Since no data were available in the PDF database of ICDD for monoclinic Y 2 O 3 :Eu, the additional peaks were compared with monoclinic Y 2 O 3 of ICDD Card No. 44-0399 33 [ Fig. 5(d) ] and the peaks from monoclinic phase can be clearly identified. The pattern in Fig. 5(c) is similar to the XRD spectra of Okumura et al. 29 who prepared monoclinic phase Y 2 O 3 :Eu particles by inductively coupled thermal plasma. Kang et al. 19 and Chang et al. 25 reported that a low adiabatic temperature flame (<2864 K) results in cubic phase Y 2 O 3 :Eu while a high-temperature flame produces particles with monoclinic phase in their flame synthesis using distilled water as solvent. However, the adiabatic flame temperature in our case of Fig. 5(c) is 2128 K, which is much lower than 2873 K, but monoclinic phase was obtained. Therefore, the different crystal structure of the particles using water and ethanol as solvent cannot only be explained by the flame temperature difference; the effect of solvent itself also contributes. By increasing methane flow rate and raising adiabatic flame temperature to 2430 K in the flame using water solution, monoclinic phase Y 2 O 3 :Eu particles were observed, as can be see from XRD spectrum in Fig. 5(e) . Y 2 O 3 :Eu with monoclinic phase has low thermal stability. By annealing the particles prepared from ethanol solution at 1200°C for 2 h, the monoclinic phase changed into cubic phase completely [see Fig. 5(f) ]. Figure 6 shows the photoluminescence spectra of Y 2 O 3 :Eu nanoparticles excited by UV light at the wavelength of 355 nm. The spectrum of the as-prepared particles prepared from water solution shows a typical Y 2 O 3 :Eu 3+ emission spectrum, which is described by the well known Table I. the monoclinic Y 2 O 3 :Eu. By annealing the particle from ethanol solution at 1200°C for 2 h transformed the monoclinic phase into cubic phase and resulted in single peak PL spectra (not shown here). Comparing Figs. 6(a) and 6(b), the overall concentration of the precursor show little effect on the shape of PL spectra, but the relative intensity changes for the two types of particles. The integral PL intensity from particles using ethanol is 30% and 90%, respectively, higher than that of particles using water as solvent for 0.1 M [ Fig. 6(a) ] and 0.01 M [ Fig. 6(b) ] solution. This is because that higher flame temperature enhances photoluminescence intensity, which can be illustrated in Fig. 7 . Figure 7 shows the influence of flame temperature on photoluminescence intensity of particles prepared from ethanol solution. The brightness of the as-prepared particles was strongly affected by flame temperatures. As the flame temperature increases from 1539 to 2130 K (measured at 20 cm above the burner exit), the integral PL intensity increases more than 250%. Also, the peak intensity at 611 nm increases but decreases at 624 nm. At high flame temperatures, the crystallinity of the particles becomes higher, and the brightness of the as-prepared particles increases. Similar observations were reported when increasing furnace temperature in their combustion synthesis of luminescent oxides by Shea et al.
D. Effect of precursor solvent on photoluminescence
30
E. Concentration quenching limit
It is known that when the activator concentration (Eu 3+ ) increases to a limit level, luminescence begins to quench. The pairing and aggregation of activator atoms at high concentration may change a fraction of the activators into quenchers and induce the quenching effect. The migration of excitation by resonant energy transfer between Eu 3+ activators can also incur quenching. 15 In bulk Y 2 O 3 :Eu phosphors, the concentration quenching occurs around 6 mol% Eu with respect to Y.
12,31 Figure 8 shows the effect of Eu doping concentration on the photoluminescence intensity of the as-prepared Y 2 O 3 :Eu nanoparticles using ethanol as precursor solvent at fixed 0.1 M overall precursor concentration. Here, the particle size is constant as can be confirmed from SEM images, and europium concentration alteration had little influence on the particle size. Different from the reported 6 mol% Eu for bulk materials, the quenching concentration is 18 mol% for particles prepared using both ethanol and water (not shown here) solutions in the present study. Table III lists the reported quenching concentrations by different synthesis methods in the literature. The quenching concentration varies from 4% to 18% and is different even for the same method at similar crystalline size. Tao et al. 18 reported a value of 14% and argued that the decrease of the energy transfer due to the interface effects The temperature in the legend represents values at 20 cm above the burner exit. The mean particle size is listed in Table II. of the nanoparticles increases the quenching concentration. Zhang et al. 31 reported that the quenching concentration was 6, 13, and 18 mol% when the crystallite size was 3 m, 40 nm, and 5 nm, respectively. Although our 18% quenching limit is in agreement with the 5 nm result of Zhang et al., 31 the mean crystalline size in Fig. 8 is about 50 nm, and the mean particle size is around 410 nm, which is larger than that of Zhang et al. 31 This implies that the increase of quenching concentration limit is not only determined by the decrease of crystalline (particle) size, but also is affected by other factors, such as surface area, etc.
IV. CONCLUSIONS
Europium-doped yttrium oxide (Y 2 O 3 :Eu) nanoscale phosphors were successfully synthesized by flame spray pyrolysis using ethanol as precursor solvent. The results showed that the changes of precursor solvent and flame temperature have significant impact on particle size, morphology, and photoluminescence intensity. SEM photographs showed that using ethanol solutions particles with better homogeneity and smoother surface structure were produced than using water solutions. It was also demonstrated that the particle size could be well controlled by varying the precursor concentration, flame temperature and particle residence time. Moreover, XRD spectra showed that monoclinic phase of Y 2 O 3 :Eu nanoparticles were obtained by using ethanol as precursor solvent at lower flame temperatures than previously reported. All as-prepared particles showed red emission spectra under the UV excitation. The nanophosphor photoluminescence intensity from ethanol solution was 90% stronger than those from water solution. The concentration quenching limit was found to be 18 mol% Eu, which is higher than the reported quenching limit at the same particle size. The Eu-doped yttria nanophosphors synthesized here may be of potential applications in high resolution displays and as biomedical markers.
